Purpose Leg length inequalities (LLIs) can result in an increased energy consumption, abnormal gait or osteoarthritis of the hip. In a previous study we simulated different LLIs of up to 15 mm and evaluated their effects on the pelvic position and spinal posture. We found a correlation between LLIs and resulting changes of the pelvic position. Despite suggestions in the literature we were not able to detect significant changes of the spinal posture. Therefore, the purpose of this study was to determine the amount of LLI that would in fact alter the spinal posture. Methods The subjects were placed on a simulation platform, whose height could be precisely controlled by the measuring device, to simulate different LLIs of up to 20 mm. For LLIs [20 mm, additional precision-cut wooden blocks were used under one foot. After an adaptation period the resulting changes of the pelvis and spine were measured with a rasterstereographic device.
Introduction
Differences in the leg length can be due to height differences of the foot, tibia, femur or the pelvis. But the total length difference in the standing position is not only due to the involved bones, it can also be altered by anatomic abnormalities such as unilateral joint dislocation, subluxation or contractures of the hip, knee or ankle joint, as well as by fixed pelvic obliquity. The compensation for leg length differences in the lower extremity, the pelvis and spine can lead to muscular imbalances, which may result in iliosacral and low back pain [1] .
The correlation between leg length differences and compensatory lumbar scoliosis has been studied with various systems, making it difficult to compare their results [2] [3] [4] . In a previous experimental study we simulated different leg lengths of up to 15 mm and their effects on the pelvis and spinal posture [5] . We found a correlation between simulated leg length differences and resulting changes of the pelvic position. Despite suggestions in the literature, we were not able to detect any significant changes of the spinal posture when simulating leg length inequalities (LLIs) up to 15 mm. Therefore, in this present study we simulated LLIs of up to 60 mm to find the point at which such discrepancies do in fact alter spinal posture.
Materials and methods
We examined 100 volunteers (53 females and 47 males) with a mean age of 34 years and a mean height of 173 cm for this study. We included only healthy test subjects without any history of a fracture or spinal abnormality. Volunteers with a pre-existing pelvic obliquity greater than 10 mm, any history of back pain longer than 2 days in the previous year, and a body mass index (BMI) greater than 35 kg/m 2 were excluded from this study. The study was approved by the human subjects research review board and all subjects were informed about the study, gave their written consent and were given the option to discontinue participation at any time.
Spinal posture and pelvic position were measured with the Formetric Ò rasterstereography system (Diers International GmbH, Schlangenbad, Germany). Rasterstereography is a method for stereophotogrammetric surface measurement of the back, which was developed in the 1980s by Hierholzer and Drerup [6] . Horizontal parallel light lines are projected onto the unclothed surface of the back by a slide projector. A surface reconstruction of the back is performed, by transforming the lines and their corresponding curvature into a three-dimensional scatter plot. A 3D-model of the spine can then be calculated based on the specific convex shape of the spinous process of the vertebra prominence (VP) and the concavity of the lumbar dimples. Transverse and sagittal profiles, the spinous process line and several spinal angles and indices can be calculated with this model. It is possible to use the two lumbar dimples to determine pelvic obliquity, because they are in close relation to the underlying posterior superior iliac spines [6] . From the orientation of the skin surface over the lumbar dimples it is also feasible to draw conclusions about the pelvic torsion around the transverse axis [6, 7] .
The subjects were placed on a simulation platform, whose height could be precisely controlled by the measuring device (Fig. 1) . For LLIs greater than 20 mm, additional precision-cut wooden blocks were placed under one foot. The weight distribution between both legs was measured by the simulation platform to ensure an equal weight distribution. All subjects stood for 60 s to adapt to the simulated LLI (leg length inequality) prior to the measurement. The recordings were performed with the subjects standing in a relaxed posture with extended knees on the platform, which is considered the neutral position. The following LLIs (right then left leg) were simulated: ?0, ?10, ?20, ?30, ?40, ?50 and ?60 mm. In pre-tests we determined a maximum height for the simulated LLIs of 60 mm, because with greater heights a full extension of the knee joint was no longer possible.
For the purpose of this study it is necessary to define certain terms regarding the parameters that were measured. The pelvic obliquity is the amount of tilt in degrees or millimetres from the horizontal line between the two lumbar dimples DL (left dimple) to DR (right dimple) (Fig. 2) . A positive value indicates that the right dimple is higher than the left and a negative value indicates that the left dimple is higher than the right. The pelvic torsion measured in degrees is the rotation of the surface normals of the two lumbar dimples (DL and DR) as shown in Fig. 2 . A positive pelvic torsion means that the right hipbone is oriented farther anterior than the left hipbone and a negative value signifies that the left hipbone is farther anterior than the right hipbone. The pelvic inclination is defined as the mean vertical torsion of the two surface normals on the two lumbar dimples. Figure 3 illustrates the surface rotation as the value of the horizontal components of the surface normals on the line of symmetry (line connecting the spinous processes of the spine) measured in degrees (°). The lateral deviation is defined as the deviation of the spinal midline from the line between the VP to midpoint between DL and DR (DM) in the frontal plane (Fig. 3) . The kyphotic angle is the angle between the surface tangents on points VP and the calculated spinous process of the 12th thoracic vertebrae (T12) and the lordotic angle is the angle between the surface tangents on points T12 and DM (Fig. 2 ).
Data analysis
All data were checked for Gaussian distribution by the Chisquare test and presented as means with standard deviations or 95 % confidence level. Unifactorial ANOVA was calculated to check for changes in the values. The level of significance was set at p \ 0.05. Correlation between the measured parameters was calculated using the Pearson correlation. Statistical analysis and graphic presentation were prepared using software SPSS 20.0 Ò (SPSS Inc., Chicago, USA).
Results
In the neutral standing position we measured a mean pelvic obliquity of 4.23 mm ± 4.23 mm (mean ± SD). There was no significant difference between the neutral pelvic position of females and males. Furthermore, there were no gender differences in response to the pelvic obliquity to the LLI. Inducing a LLI led to an increase of the pelvic obliquity on the corresponding side (Fig. 4) . All LLIs greater than 20 mm, left and right leg (p \ 0.05), led to significant changes of the pelvic obliquity. The mean pelvic torsion with 0 mm LLI was 1.54°± 1.05°for women and 2.36°± 1.61°for men. Figure 4 illustrates that with increasing LLIs an increase in the pelvic torsion occurred. We did not find differences in response to the LLIs for pelvic torsion between females and males. Simulated LLIs of 20 mm on the right and 30 mm on the left side led to significant changes in the pelvic torsion. There was a significant correlation between the platform height and the parameters pelvic obliquity (r = 0.894) and torsion (r = 0.741), as well as between pelvic obliquity and pelvic torsion (r = 0.639). The mean pelvic inclination in the neutral standing position was 20.95°± 6.03°for women and 13.12°± 5.77°for men. In the neutral standing position as well as in response to all simulated LLIs, there was a significant difference (p \ 0.05) measured between women and men for pelvic inclination. Increasing the simulated leg length differences led to an increase in pelvic inclination (Fig. 5) . These changes in pelvic inclination . b Illustrates the pelvic obliquity, which is considered as the different height of the two lumbar dimples to each other in degrees. In c the kyphotic angle is illustrated as the angle between the surface tangents on spinous process of the seventh cervical vertebra (VP) and the calculated spinous process of the 12th thoracic vertebrae (T12). The lordotic angle was measured as the angle between the surface tangents on points T12 and the midpoint between the two lumbar dimples (DM) were significant (p \ 0.05), for LLIs of 50 mm and above, when compared to the neutral standing position.
The aim of this study was to determine the amount of LLI that will lead to changes in the spinal posture. A parameter that describes the frontal orientation of the spine is the surface rotation, which was measured with a mean value of 3.73°± 1.72°. Inducing LLIs greater than 30 mm on the right and 20 mm on the left side (p \ 0.05) led to significant changes in the surface rotation (Fig. 6 ). No differences were measured between females (3.78°± 1.86°) and males (3.67°± 1.47°) for this parameter. We found a significant correlation between the surface rotation and the platform height (r = -0.112) as well as the pelvic obliquity (r = -0.112).
A mean value of 4.70 ± 3.12 mm for the lateral deviation was determined. We found an increase in the lateral deviation with increasing LLIs in both legs (Fig. 6) . The increase in lateral deviation was significant with LLIs greater than 30 mm on the right and 20 mm on the left leg. In addition the results of the measurements showed that the spine deviated always towards the short leg side (Fig. 7) . Further, we found a significant correlation between the parameter lateral deviation and the platform height (r = -0.141) and pelvic obliquity (r = -0.167). No differences were found between females (48.94°± 8.51°) and males (51.97°± 10.26°) for the kyphotic angle ( Table 1) . The simulated LLIs did not create significant changes in the kyphotic angle, however, we found a tendency to decreasing kyphotic angles with increasing LLIs. Generally, females had a significant higher lordosis 41.96°± 8.42°than males 33.52°± 8.04° (Table 1) . Finally, we did not find any significant differences in the lordotic angles when increasing the LLI.
Discussion
The purpose of the present study was to determine the amount of LLI that will create changes in spinal posture. Similar to Beaudoin et al. [8] , we have focused on changes of the spine and pelvis due to LLIs, because such changes may lead to musculoskeletal disorders and possibly to functional scoliosis. Previous studies have investigated the effects of LLIs on the lower extremity [9, 10] , but to the best of our knowledge no one has tried to determine the amount of LLI that will directly lead to changes in spinal parameters.
We decided to use a rasterstereographic system, because it allows a radiation-free analysis of spinal posture and pelvic position. Multiple studies have shown the high accuracy and reliability of this system [11, 12] . Hackenberg et al. [13] compared radiographs with rasterstereographic measurements and found a good correlation of r = 0.89 for the frontal deviation in subjects even with scoliosis. Good reliability was also found by Goh [14] , who analysed healthy subjects. Further, Crawford et al. [15] and Goh et al. [16] could show a high correlation between rasterstereographically and radiologically measured kyphotic and lordotic angles. A previous study has shown the strong correlation between the posterior superior iliac spines and the left and right dimple [17] . Due to the high accuracy and validity as demonstrated in these studies, we used video rasterstereography to determine the position of the lumbar dimples and the underlying pelvis.
In a previously published study we investigated the effects of minor LLIs up to 15 mm on the pelvis and spine [5] . We found a strong correlation between LLIs and Fig. 5 The increase in LLI led to an increase in pelvic obliquity. A significant increase was found on both sides with LLIs of 50 mm and above (p \ 0.05). We measured a significant difference (p \ 0.05) in the neutral standing position and in all simulated leg lengths between women and men Fig. 6 a Shows the changes of the frontal parameter surface rotation (with the 95 % confidence level) when raising the platform. Changes between the neutral position (0 mm platform height) and C20 mm on the left side and C30 mm on the right side are significant. b Shows the increase of the lateral deviation of the spine, when increasing the platform height. No differences between females and males were found changes in pelvic position [5] . In that study we measured a mean pelvic obliquity of 4.20 mm, which correlates closely with the mean value of 4.23 mm that we determined in this present study [5] . Froh et al. [18] , Knutson [19] and ten Brinke et al. [20] all have radiologically measured pelvic obliquity reporting values ranging from 5.2 to 6.5 mm. These results do not significantly differ (p [ 0.05) from the results measured in our study for pelvic obliquity. However, the results are not directly comparable because of different imaging techniques that were used.
A mean pelvic torsion of 1.95°was determined for subjects in the neutral standing position. This result does not differ statistically (p [ 0.05) from that measured in our previous study, where a mean pelvic torsion of 0.35°was determined. In a previous study, Young et al. have shown a significant increase in the pelvic torsion, when increasing the simulated LLIs. However, Drerup et al. [21] demonstrated that these changes are non-proportional and hard to predict because of complex interactions in the kinematic chain of the lower extremity and the pelvis. We were able to show a correlation between LLIs and changes of the pelvic position in LLIs even up to 60 mm and in addition we could show that LLIs of 20 mm and more lead to significant changes in the pelvic obliquity and torsion. The results of the parameter pelvic inclination showed that an increase in LLI also leads to an increase in pelvic inclination, which is significant (p \ 0.05) with LLIs of 50 mm and above on both sides. These findings suggest that a further compensation mechanism of the kinematic chain, besides pelvic obliquity and torsion, exists. It seems to be a tilt of the pelvis as indicated by an increase in pelvic inclination. We also found a significant difference for the pelvic inclination between sexes. This difference was present in the neutral standing position and for all simulated LLIs. These results are in contrast to the findings of Janssen et al. [22] who found a significant difference in the spinal alignment between sexes, but not in particular for the pelvic inclination. However, the response of the pelvic inclination to the LLIs was similar between women and men, suggesting the same compensation mechanisms of the pelvis to LLIs in static conditions.
Encouraged by the results of our previous study, we became interested in the amount of LLI that would lead to significant changes in spinal parameters [5] . Jones et al. [23] described the relationship between LLI and scoliosis as complex. Irving found in 1991 [24] , a relationship between an unlevelness of the sacral base and the degree of the resulting lumbar scoliosis. Despite extensive research efforts, there are still controversies about changes of the spine due to LLIs, especially about the amount of LLI that will create alterations in spinal parameters. The results of our study show for the first time that LLIs of 20 mm on the left and 30 mm on the right side lead to significant changes in the spine.
Our experience with this technique has shown that a surface rotation over 5°is significantly associated with scoliotic changes (data not shown). Young et al. [21] stated that by placing a lift under one foot the lateral flexion of the spine increased. In addition they have noted that due to this increased lateral flexion, the lumbar vertebrae have a tendency to undergo a conjunct rotation. Our results confirmed a significant increase of the lateral flexion of the spine due to a 20 mm lift on the left and a 30 mm lift on the right side and that these changes were still present in higher LLIs of up to 60 mm (Fig. 6) .
We have found a tendency to decreasing kyphotic angles with an increase in LLIs, which was not statistically significant (p [ 0.05). A possible explanation might be that we only measured acute changes and not longstanding Fig. 7 The figure shows a female test subject during measurements standing on the simulation platform, which was elevated on the right leg side. The elevation of the platform led to a pelvic obliquity, with an elevation of the iliac crest on the long leg side. This pelvic obliquity resulted in a lateral deviation and convexity of the spine towards the short leg side ones. A further explanation could be that the range for ''normal'' kyphotic angles seems to be larger, as reflected by the high standard deviations of up to 10°, and therefore statistically significant changes were not found.
In our study there was a difference in changes of the pelvic and spinal parameters between the left ([20 mm) and the right side ([30 mm) when inducing a LLI. A possible explanation for the differences between sides could be the dominant leg effect. In the upper extremities a left or right hand dominance is well documented [25] and it could be assumed that this also exists in the lower extremities [26] . A further explanation for the side differences could also be muscle imbalances or differences in range of motion of the joints [27] .
Women had a significant higher lordosis than males. This was also noted by Lang-Tapia et al. [28] who stated that women seem to have a greater lumbar lordosis, possibly because of differences in vertebral shape and changes that occur during pregnancy. We did not find any significant gender differences in the kyphotic angle, which also was in accordance with Lang-Tapia et al. [28] . We also found no differences between females and males in the response to different LLIs. Therefore, we conclude that women and men react similarly to LLIs of up to 60 mm.
A limitation of our study is that we examined acute changes of the leg length instead of long-standing leg length differences. We do think that further studies would be of interest to analyse the effects of long-standing LLIs on spinal posture and pelvic position, but until now there does not exist an evidence-based definition of long-standing LLIs (weeks, months, years?), which makes it not feasible to investigate. A limitation of our study is that the effects of LLIs were only examined under static conditions, while the subjects were standing on a platform. In future studies, with the development of faster video rasterstereographic systems, a three-dimensional analysis of the here found changes under dynamic conditions would be of interest. However, it must be noted that the clinical diagnosis and treatment of pelvic obliquity still often takes place in a static, standing position with extended knees, and therefore we adopted and investigated this situation in our study.
Conclusion
For the first time the results of our study have shown that LLIs of more than 20 mm lead to significant changes in the spinal posture. We also found a significant correlation between LLIs and pelvic position. Further there was no difference found in the reaction to LLIs between women and men. There were no significant differences between the different simulated platform heights and changes in these parameters, but we found differences between the lordotic angles of females and males with women having significant higher lordotic angles
